• ) were produced in high concentration using ω-bromopolystyrene (PS-Br) and α,ω-dibromopolystyrene (Br-PS-Br) in conjunction with Cu(I)Br following the atom transfer technique. A proper choice of the activator system led the PS-Br adduct to a maximum extent of coupling (by recombination), q max = 0.91, as estimated by gel permeation chromatography. On the other hand, the fraction of chains terminated by disproportionation was estimated to be 0.07 ± 0.04 by
Introduction
Recent development of living radical polymerization (LRP) has provided a new and versatile route to the controlled synthesis of polymers and copolymers of various architectures [1, 2] . The control of polymerization in LRP is achieved by the reversible activation of a dormant species P-X to polymer radical P • , where the capping group X may be a nitroxyl [3] , halo- [4, 5] , dithioester [6] , or some other moiety (Scheme 1). The polymeric adduct P-X, which usually is recoverable and storable, may be viewed as a source of well-defined polymer radicals that can be used for various purposes, e.g., as a LRP mediator or a macro-initiator for a second-step polymerization. We previously used a polystyrene (PS)-nitroxide adduct to synthesize C 60 fullerene derivatives with two well-defined PS arms introduced regio-selectively [7] . We also used a PS-Br adduct in conjunction with the CuBr catalyst (Scheme 2a) to demonstrate the reaction of the PS radicals with PS-dithiobenzoate forming a 3-arm star chain [8] . In this work, we use ω-bromopolystyrene (PS-Br) and α,ω-dibromopolystyrene (Br-PS-Br) as radical sources to selectively study the reactions of PS radicals in the absence of monomer. Besides the reversible activation reaction, LRP should include termination and chain transfer, as suggested in Scheme 2 (and all other reactions included in conventional free radical polymerization). The purpose of this work is to confirm this by experiments with monomer-free systems and to draw attention to the merits of studying such systems. A high concentration of PS radicals produced in a bromo-PS/CuBr system will undergo termination predominantly by recombination (coupling) in this case, hence increasing the average chain length of the system. The evolution of chain length and chain length distribution can be accurately followed by gel permeation chromatography (GPC). When the bifunctional PS is used as a precursor adduct, successive coupling can produce long chains. It may be interesting to see to what maximum extent the chain can grow in this way. The maximum can be limited by chain transfer, disproportionation, and some other reactions. Such details can hopefully be studied with monomer-free systems. 
Experimental part

Materials
Commercially available styrene, toluene, and tert-butylbenzene (tBB) were purified by fractional distillation. 4,4'-Di-n-heptyl-2,2'-bipyridine (dHbipy: Fig. 1 ) [9] and tris[2-(dimethylamino)ethyl]amine (Me 6 TREN: Fig. 1 ) [10] were prepared according to Matyjaszewski et al. All other reagents were commercially obtained and used as received.
Preparation of 1,4-di-(2-bromopropionyloxymethyl)benzene (DBMPM)
p-Xylylene glycol (5.0 g, 34 mmol), 2-bromopropionic acid (13.0 g, 85 mmol), 4-dimethylaminopyridine (0.69 g, 55 mmol), and CH 2 Cl 2 (110 mL) were placed in a three-neck flask at 0 o C. A styrene solution of DBMPM (44 mM), Cu(I)Br (44 mM), and dHbipy (88 mM) in a glass tube was degassed and heated at 110 o C for 20 min. After purification [11] , Br-PS-Br was isolated with M n = 3000 and M w /M n = 1.07 according to PS-calibrated GPC. The initiation efficiency of DBMPM was confirmed to be virtually 100% by 1 H NMR (Fig. 2) . In the course of preparation, some termination necessarily occurred. However, since it occured mainly by recombination (see below), most of the polymer that underwent termination still carried bromine at both chain ends in this particular case. Thermal initiation, which is also unavoidable at high temperature (110 o C), provided inactive chain ends (without bromine). In addition, the Cu(II) species can react with PS radical to form terminally unsaturated PS and HBr (see below) [12] . However, their contributions are only marginal due to the short polymerization time (20 min). Thus, the fraction of inactive chain ends may be neglected in this polymer.
Preparation of ω-bromopolystyrene (PS-Br)
A styrene solution of 1-phenylethyl bromide (80 mM), Cu(I)Br (80 mM), and sparteine [13] (160 mM) in a glass tube was degassed and heated at 110 o C for 45 min. After purification [11] , PS-Br was isolated with M n = 1500 and M w /M n = 1.09. A chain extension test [14] showed that this polymer contains 4% of potentially inactive species (without bromide at the chain end: f dead = 0.04). (In this system, termination by recombination as well as disproportionation gives inactive species.)
Kinetic analysis of radical coupling
Br-PS-Br and PS-Br described above were used as precursor polymers for the radical coupling experiment. In a typical run, a Schlenk flask was charged with Cu(I)Br (15 mL) and Cu(0) (75 mM), to which 4 mL of toluene or tBB solution of prepolymer (5 mM) and ligand (30 mM) was quickly added. The flask with a glass stopper was immediately attached to a vacuum line, followed by three cycles of evacuation and dry-argon introduction. The system was then heated at 110 o C and stirred magnetically. After a prescribed time t, an aliquot (0.1 mL) of the solution was taken out with a syringe and quenched to air. The reaction mixture was then diluted with tetrahydrofuran (THF) and analyzed by GPC. 1 H NMR spectrum of the precursor Br-PS-Br, compared with that (in part) of DBMPM
Measurements
The GPC analysis was made on a Tosoh HLC-802 UR high-speed liquid chromatograph equipped with Tosoh gel columns G2500H, G3000H, and G4000H (Tokyo, Japan). THF was used as the eluent (40 o C). The column system was calibrated with Tosoh PSs. Sample detection and quantification were made with a Tosoh differential refractometer RI-8020 calibrated with known concentrations of PS in THF. 1 H NMR spectra were measured with a JEOL GSX-300 spectrometer operating at 300 MHz. The spectra were recorded at ambient temperature, with a flip angle of 45 o , spectral width of 6013 Hz, acquisition time of 5.449 s, and pulse delay of 1.551 s.
Results and discussion
General observations
Experiments with α,ω-dibromopolystyrene Br-PS-Br were carried out under several different conditions. In the first experiment, a toluene solution of Br-PS-Br (5 mM), Cu(I)Br (15mM), and dHbipy (30mM) was heated at 110 o C. This is a typical condition of atom transfer radical polymerization (ATRP) [9] , if a monomer is present. The GPC curves of the system taken before and after 3 h of the heat treatment showed no detectable difference. This was expectable, since in this condition, the radical con-
] is estimated to be about 2x10 -9 M, which would produce only 0.3% of the coupling product (terminated species) in 3 h.
The second experiment was the same as the first one, excepting that metallic copper Cu(0) was added to the first system. Cu(0) is known to reduce Cu(II) to Cu(I), thereby increasing [P • ] (cf. Scheme 2a) [15] . The addition of Cu(0) had, in fact, a large effect on the coupling reaction: The GPC curves in Fig. 3 show that the concentration of the precursor polymer decreases with time, while coupling products of various degrees of polymerization develop. Since each coupling reaction decreases the number of chains by one, the extent of coupling reaction, q, is given by
where M n and M n,0 are the number-average molecular weights of the system at times t and 0, respectively. Fig. 4 shows the plot of q vs. t, in which q increases with t at first, and levels off at about 0.68 for t > 2 h (filled squares). 
where k tc and k td are the rate constants of termination by coupling (recombination) and disproportionation, respectively, and k t is the overall rate constant (k t = k tc + k td ). The value of dq/dt crudely evaluated from the initial slope of the q vs. t plot in Fig. 4 is about 1.5x10 -4 s -1 , which is applied to Eq. (2) to estimate k tc to be about 4x10 8 M -1 ·s -1 . This k tc value, which approximates k t (since α c ≈ 1; see below), is consistent with the literature k t data [17] in the order of magnitude, indicating that termination in this LRP-mimicking system is equivalent to that in the conventional free radical polymerization system. This, in turn, suggests a useful method to study, e.g., the chain length dependence of k t by using a series of model adducts in conjunction with a LRP technique. As already noted, the q value of the second system levels off at about 0.68 for t > 2 h. This is mainly due to chain transfer and disproportionation reactions, as will be rationalized in the following. The rate of a chain transfer reaction relative to that of termination can be written
where k trs is the rate constant of chain transfer to agent S. If we assume, for simplicity, that [P
•
] is proportional to the concentration of the bromine moieties, we can show that the maximum value of q attainable (after a sufficiently long time) is
where Q 0 is the value of Q at t = 0 (see the Appendix). According to Eq. at 110 o C. This estimate agrees with the literature data within a factor of two (the literature data are around 1x10 -4 ) [18] . Hence, our discussion should be correct in essence.
For higher coupling efficiency
The mentioned analysis has presented a fairly clear picture of what is happening in the Br-PS-Br/toluene/Cu(I)Br/Cu(0) system. Eqs. (5) and (6) Fig. 4 . Incidentally, the solvent employed in this and the forthcoming experiments was tBB, which gives a somewhat (but not much) smaller transfer constant than toluene [18, 19] .
In order to increase [P • ] further, we replaced the ligand dHbipy by Me 6 TREN, which is known to give a much larger equilibrium constant K = k a /k da (cf. Scheme 2a) than dHbipy [10] . This resulted in a dramatic increase of the reaction rate, and q max reached 0.88 within 10 min (Fig. 4) . According to Eq. (6), [P • ] 0 in this system well exceeds 1x10 -6 M. The observed value of q max may be close to the upper limit, and the difference from 1, i.e., 1-q max , may be ascribed mainly to disproportionation.
Disproportionation
To examine this matter more closely, we studied the coupling (dimerization) reaction of the monobromo adduct PS-Br (M n = 1500, M w /M n = 1.09, f dead = 0.04). The tBB solution of this adduct ([PS-Br] 0 = 15mM, [Cu(0)] 0 = 75mM, and [Me 6 TREN] 0 = 30mM) was heated at 110 o C for 10 min. Fig. 6 shows the GPC curves for t = 0 (original adduct: broken curve) and t = 10 min (product: solid curve). The product curve can be divided into two components (dotted curves) with the lower-molecularweight component corresponding to the original adduct and the higher-molecularweight one produced by coupling and having a doubled molecular weight. Since the heat treatment for longer time gives no different result, the coupling reaction should have been completed within 10 min. After the correction for the originally inactive chains (f dead = 0.04), q max in this system is estimated to be 0.91. This value is even larger than the one (0.88) obtained for the Br-PS-Br adduct. The difference can be ascribed to the difference in k t , originating from the difference in chain length. The Br-PS-Br system has a larger M n even at t = 0, and moreover, as the coupling reaction proceeds, the average chain length in this system becomes larger and larger, hence k t becoming smaller and smaller. The difference in k t by a factor of about 3 can explain the observed difference in q max , and this high difference is not unreasonable in such an oligomeric region. Now to examine the chain-end chemistry of the polymer, the product solution was passed through a short column of alumina with toluene eluent to remove the copper complexes. This procedure gave no detectable loss or change of polymer components, as was confirmed by GPC. Fig. 7 shows the 1 H NMR spectrum of the polymer purified in this way. The methyl protons (A) at the chain end appear at 1.0 ppm, and the double-bond protons (D) formed by disproportionation emerge at 6.05 and 6.15 ppm. No methine proton (B) at the bromine chain end is detectable at 4.4 -4.6 ppm, meaning a complete reaction. From the area of signal D relative to that of signal A, we deduced the relative fraction of disproportionation α d to be 0.07 ± 0.04, or α c = 1 -α d = 0.93 ± 0.04. Since the PS-Br model adduct was prepared with phenylethyl bromide as an initiating adduct, the originally inactive (dead) chains should include the same fraction of unsaturated chain ends, and therefore no correction was necessary for the dead chains. The above estimate, however, is based on the assumption that the unsaturated chain ends are not consumed by reaction with PS radical. The close agreement of α c and q max values determined independently suggests the degree of accuracy of these experiments. The α c value of 0.93 estimated here was already used in the above-mentioned analysis. We also note that this α c value is 1 H NMR spectrum of the product polymer (cf. Fig. 6 )
Additional remarks
Some words may be necessary regarding the side reaction specific of the Cucatalyzed reaction. As pointed out by Matyjaszewski et al. [12] , the Cu(II) species can react with PS radical to form terminally unsaturated PS and HBr. This reaction, however, is a relatively slow one, so that it is not important in the present discussion related to extremely high radical concentrations (fast termination).
Regarding the coupling started with the Br-PS-Br bifunctional adduct, Fig. 8 shows the plot of M w /M n as a function of the extent of coupling, q. In the ideal case in which there is no reaction other than coupling and the coupling occurs randomly, i.e., independently of chain length, it can be shown that the polydispersity index (PDI) is given by [22] 
where (M w /M n ) 0 is the PDI of the initiating adduct. The dotted line in Fig. 8 shows Eq. (7), which well describes the experiment for q ≤ 0.5. For larger q, the experimental points deviate upwardly from theory, presumably due to chain transfer, disproportionation, and/or non-random coupling. While termination occurs more easily between shorter chains rather than between longer ones, longer chains are more likely to have active chain end(s), thus leading to a higher PDI than predicted by the ideal theory. 
Conclusions
By use of the Cu(I)Br/Me 6 TREN/Cu(0)/tBB activator system at 110 o C, polystyryl bromide is activated to produce an extremely high concentration of PS radical, which undergoes coupling (recombination) reaction to a maximum extent of 0.91, which is close to the theoretical limit given by α c = 1 -α d with the extent of disproportionation α d = 0.07 ± 0.04, as determined by 1 H NMR spectroscopy. Under experimental conditions which give lower concentrations of PS radical, chain transfer reaction competes with termination (coupling and disproportionation) and thus q stays at a lower level, depending on the relative importance of chain transfer. For the α,ω-bifunctional polystyryl bromide, coupling reaction leads to "polymers" of a variety of coupling degrees, whose chain length distribution can be well described by the random-coupling theory, when q ≤ 1/2. The high extent of coupling (q max ≈ 0.9) achievable in a short time (t < 10 min) suggests practical applicability of this reaction.
